INTRODUCTION
Picking up an article in a typical geology or geochemistry journal, one might stumble across sentences such as the following: "Elementary sedimentary cycles are. . . 'genetic sequences' or 'genetic units'" (135), or, "This paper. . .assesses the genetic relationships between intrusion and geothermal circulation" (140). Although these usages of the word "genetic" at first blush may seem a bit bizarre to a geneticist, contextualized, they convey a more familiar meaning: Rocks or gases have a certain genesis, just as enzymatic activities spring from genes. "Genetic" stemming from the Greek word, gignesthai, pertains to the origin of something.
Making a connection between genes and rocks is more than just an issue of etymology, however; the relationship between the activity of particular microorganisms (both present and past) and the chemistry of their environment lies at the heart of the field of geomicrobiology (126) . For centuries now, scientists working at this interface have changed our perception of what is possible for life and the significance of life for geology (6, 48, 84, 191) . Virtually every month new discoveries are made about the occurrence of life in extreme environments, ranging from the freezing to the boiling point (80, 139) . Microbial metabolisms are now known to span those that derive power from the sun to those that are driven by geochemical reactions occurring deep within the surface of the Earth (24, 47). While the interactions between life and the Earth are highly complex, it is by now axiomatic that the emergence of critical forms of life profoundly and irreversibly changed the chemistry of the planet (e.g., cyanobacterial producion of O 2 ). Despite this recognition, we rarely understand microbial geochemical activities today well enough to be able to quantify, predict, or control them. Moreover, little is understood about microbially mediated chemical changes that occurred on the early Earth.
The subject of this review is the genetics of geochemistry. By this we mean the science of applying classical principles of bacterial genetics to understanding geochemically relevant microbial metabolisms. Be it in a modern or ancient setting, unless we know what to look for, it is impossible to determine whether a specific microbial activity is having or had an impact on a particular environment. The reductionist power of genetics provides a means to determine how geochemically significant metabolisms work (e.g., identify specific molecules that catalyze a reaction of interest) and how they are regulated (e.g., the environmental conditions that trigger their expression), which ultimately may allow us to detect and quantify their activity today and/or identify traces of their activity in the ancient rock record. In addition, to the extent that DNA itself is a "fossil" and that life and the Earth have coevolved, identification of genes that are linked to specific biogeochemical processes may provide us with a window into the evolution of metabolism.
The number of microbial metabolisms that affect environmental geochemistry is enormous, and includes those that change the composition of the hydro-, atmo-, and lithospheres. A few examples of where genetics has been used to explore geochemically relevant microbial metabolisms include studies of methanogenesis (88, 98, 108, 180) , sulfate-reduction (16), manganese oxidation (20, 174), nitrogen-cycling (105) , radionuclide processing (38, 93) , and phosphorus cycling (106) . In the interests of space, however, we limit this review to metabolisms that alter the redox state of iron (Fe) or arsenic (As) (e.g., photosynthetic and respiratory processes). We chose these metabolisms for several reasons: (a) Fe and As biogeochemical cycles are relatively well understood and related to one another ( Figure 1) ; (b) the reactions catalyzed by key microbial players in these cycles are known (Table 1) ; (c) representative organisms that are involved in these cycles are already in culture ( Figure 2) ; and (d) the genetic tractability of these organisms varies, allowing us to illustrate the challenges of doing genetics in recently discovered environmental isolates.
Our discussion begins with ferrous iron [Fe(II)] oxidation, about which the least is known at the genetic level. Next we consider ferric iron [Fe(III)] reduction, for which several genetically tractable model systems exist and a wealth of genetic information is accumulating. We end by reviewing what is known about As oxidation and reduction, and provide an example of how genetic information can be taken back to the environment to determine whether a particular metabolic process is shaping its geochemistry.
FE(II) OXIDATION

Environmental and Geological Significance
Microbial Fe(II) oxidation is an important component of the Fe geochemical cycle. In modern environments, microorganisms that are able to oxidize Fe(II) are ubiquitous, inhabiting and affecting a wide variety of environments where Fe(II) is present. These environments include marine coastal sediments and brackish water lagoons (171, 173) ; sediments from freshwater creeks, ponds, lakes, and ditches (65, 68, 69, 188); low-pH environments associated with acid mine waters (30, 45); groundwater springs (52); sediments, and the rhizosphere of plants from freshwater wetlands (54, 167); the seafloor near active hydrothermal fields (46, 53); and swine-waste lagoons (25).
Microorganisms that oxidize Fe(II) are diverse in their phylogeny and overall physiology (Table 1) . Representative examples of bacteria and archaea capable of coupling Fe(II) oxidation to growth include psychro-, hyperthermo-, and mesophiles that couple Fe(II) oxidation to the reduction of nitrate at neutral pH (13, 172), or to the reduction of oxygen at either low (45, 175), or neutral pH (52), and the anaerobic Fe(II)-oxidizing phototrophs (47, 69, 188) ( Table 1) . For a complete list of specific organisms able to oxidize Fe(II) enzymatically and more 85, 188) . However, in distinguishing these two biological processes from each other in the rock record, as well as from other proposed abiotic mechanisms of Fe(II) oxidation, biological signatures that uniquely represent the activity of Fe(II)-oxidizing organisms must be identified. A first step toward this is understanding the molecular mechanisms of Fe(II) oxidation by extant relatives of ancient Fe(II)-oxidizing bacteria. The use of Fe(II) as an electron donor in anoxygenic photosynthesis likely arose early in Earth history (17, 36, 197) ; therefore, understanding the mechanisms of Fe(II) oxidation by anoxygenic photoautotrophic bacteria is of particular interest.
Mechanisms of Fe(II) Oxidation
OVERVIEW The genetics of Fe(II)-oxidizing bacteria is primitive compared with other bacterial species. This is largely due to the challenges inherent in growing these organisms. For example, aerobic neutrophilic Fe(II)-oxidizers must outcompete the rate of abiotic oxidation of Fe(II) by molecular oxygen (O 2 ) to harvest energy for growth. The requirement of specific O 2 and Fe(II) concentrations for these bacteria is met by growing them in tubes of solid medium with opposing gradients of Fe(II) and O 2 (52). Such culturing requirements are not easily amenable to large-scale genetic screens. Additionally, many Fe(II)-oxidizing organisms have been discovered only in the past ∼10 or less years. Most of what we know about Fe(II) oxidation at a genetic level comes from studies of the acidophilic Fe(II)-oxidizing organism Acidithiobacillus ferrooxidans. Recently, our laboratory has begun to make progress in using genetic approaches to elucidate the molecular mechanism of phototrophic Fe(II) oxidation. Our success derives from the fact that some isolated Fe(II)-oxidizing phototrophs are members of the purple nonsulfur group of bacteria, for which genetic systems exist in non-Fe(II)-oxidizing species such as Rhodobacter capsulatus, Rhodobacter sphaeroides, and Rhodopseudomonas palustris (42, 134 a variety of valuable metals such as copper, uranium, cobalt, and gold that are embedded within the ores (142). Given this property, understanding its metabolism is particularly interesting to industries wishing to use this strain (or genetically modified derivatives) for leaching purposes (4, 141, 192) .
Most of what is known about the mechanism of Fe(II) oxidation by A. ferrooxidans stems from biochemical studies, yet how the different components of the electron transport pathway ( Figure 3A ) work together is uncertain and controversial (4, 15, 76, 199) . Comparatively little is known about the genetics of Fe(II) oxidation in A. ferrooxidans because genetic analysis has been constrained by the culturing requirements for this organism. For example, a number of antibiotics are inactive at low-pH and high-Fe(II) concentrations (192) , resulting in a dearth of suitable selective markers. To circumvent this problem, toxic metal resistance genes have been used as selective markers, but only with limited success (86) . Additionally, while some of the standard tools of genetics (e.g., appropriate shuttle vectors and transformation methods) have been developed and/or optimized for various strains of A. ferrooxidans (86, 136, 142) , until recently (92), these methods have not been used for the construction of mutants. Consequently, no defined mutants defective in Fe(II) oxidation exist, although spontaneous mutants that have lost the ability to oxidize Fe(II) have been identified (158) . The recent report of the construction of a recA mutant of A. ferrooxidans strain ATCC 33020 via marker exchange mutagenesis represents a step toward improved genetic analysis of this strain (92) .
Nevertheless, several genes thought to be involved in Fe(II) oxidation are known. The majority have been identified using degenerate primers derived from N-terminal sequences of purified proteins. The first gene to be identified using reverse genetics was the iro gene of A. ferrooxidans strain Fe1. This gene encodes a high-potential Fe-S protein that is homologous to the soluble ferredoxins commonly found in purple photosynthetic bacteria. Northern blot and RNA primer extension analyses suggest that this gene is transcribed on its own, but expression studies under different growth conditions have not yet been conducted (87) . Because of its high redox potential, Fe(II)-cytochrome c-552 oxidoreductase activity and acid stability in vitro, it has been proposed that the product of this gene catalyzes the first step in the transfer of electrons from Fe(II) to O 2 (57, 87, 200) . However, arguments have been made against this claim (4), and genetic evidence to support this function does not exist.
The next gene thought to encode a protein involved in Fe(II) oxidation by A. ferrooxidans is the rus gene. Again, using reverse genetics, the rus gene was cloned from A. ferrooxidans ATCC 33020 (12, 61). This gene encodes the small, type 1 blue copper protein, rusticyanin, a protein that has received much attention in biochemical studies given that it represents up to 5% of the total soluble protein of A. ferrooxidans cells when grown on Fe(II) and also displays a high degree of acid tolerance and a high redox potential (34, 75) . In the region upstream of the rus gene, a sequence similar to a rho-independent terminator and two potential Escherichia coli-like σ 70 -specific promoter sequences are present. Downstream of the gene are two putative stem-loop structures, one of which is followed by a T-rich region. This suggests that the rus gene can be transcribed from its own promoter (12). Further investigations of rus gene transcription by Northern, RT-PCR, and primer extension analyses have shown that this gene is part of an operon comprising eight genes, of which rus is the last (4, 4a, 12). Putative promoters in this operon have been identified both by sequence and primer extension analyses. Primer analysis with RNA extracted from cells grown on sulfur or Fe(II) indicates that two promoters upstream of cyc2 and one promoter upstream of rus are active in cells grown on sulfur, whereas only one of the promoters upstream of cyc2 is active in Fe(II)-grown cells (4). Additionally, it has been observed that while the rus transcript is present in both Fe(II)-and sulfur-grown cells, it is more abundant in Fe(II)-grown cells and present throughout all growth phases (in contrast to sulfur-grown cells, where it appears only in exponential phase) (202) .
Since the discovery that rus is cotranscribed with several other genes in an operon ( Figure 4A ), the other genes in this operon have been analyzed (3, 4, 201). Strikingly, seven of the eight genes seem to encode redox proteins. The cyc2 gene encodes a high-molecular-weight outer-membrane c-type cytochrome (3, 201), whereas cyc1 encodes a c4-type cytochrome with a signal peptide sequence indicative of translocation to the periplasm (3). coxB, coxA, and coxC encode proteins with homology to subunits II, I, and III, respectively, of an aa3-type cytochrome c oxidase. The protein encoded by coxD shares similarity with nothing in the database; however, given the position of this gene relative to the other cox gene homologues and what is known about the organization of these genes in other organisms, it was assumed that coxD represents subunit IV of an aa3-type cytochrome c oxidase (4). Lastly, ORF1 encodes a putative protein of unknown function with a terminal signal sequence, suggesting that it is translocated to the periplasm. Given that biochemical studies have implicated proteins of these types in Fe(II) oxidation (14, 29, 34, 57, 75, 182, 186) , it is assumed that they are involved in the electron transport pathway ( Figure 3A ) (4). This requires confirmation through the construction and analysis of mutants using the newly described method (92) . Moreover, additional components of the Fe(II) oxidization pathway remain unknown, including all the components involved in the regulation of these genes. The ability to perform a large-scale screen is thus a goal for future genetic analysis of A. ferrooxidans.
Genetics in Fe(II)-Oxidizing Phototrophs
Recently, we have attempted to identify the genes required for phototrophic Fe(II) oxidation. Our approach has varied depending on the growth characteristics of the Fe(II)-oxidizing strain. One of the best-studied Fe(II)-oxidizing phototrophs is Rhodobacter strain SW2 (47). Unfortunately, it does not readily form colonies on plates, which means that generating and screening for mutants that lose the function of Fe(II) oxidation is impractical. Accordingly, we have taken a gain-offunction approach that exploits the close relatedness of strain SW2 to Rhodobacter capsulatus (36, 47). In particular, we use strain SB1003, which does not oxidize Fe(II) but is genetically tractable. To provide strain SB1003 with genes from SW2 so that it gains the ability to oxidize Fe(II), we constructed a genomic cosmid library of strain SW2. By complementing a tryptophan auxotroph of Rhodobacter sphaeroides [strain CM06, (99)], we first demonstrated that genes from the SW2 library could be expressed successfully in other Rhodobacter species, and have recently identified four putative clones with genes required for
Although heterologous expression appears to be successful for strains that do not form colonies on plates, ultimately, the construction and analysis of gene deletion or disruption mutants will be required to demonstrate that a particular gene is involved in this metabolism. To that end, we have recently enriched and purified a new Fe(II)-oxidizing photoautotroph from School Street Marsh in Woods Hole, Massachusetts. This strain, Rhodopseudomonas strain TIE1, forms colonies aerobically on plates, and can be randomly mutagenized by a hyperactive mariner transposon (26). A screen of 12,000 random transposon mutants has just been completed, and candidate mutants are currently being retested and sequenced
Once these genes are identified, we will be able to address whether the Fe(II)-oxidation system is similar to that in other Fe(II)-oxidizing bacteria such as A. ferrooxidans and begin to uncover the degree to which electron transfer from Fe(II) is conserved among phylogenetically divergent species. In addition, knowing which genes are involved in the pathway will help us address where in the cell Fe(II) is oxidized, and whether Fe(III) chelators are produced to prevent encrustation by poorly crystalline Fe(III)-(hydr)oxides [Fe(OH) 3 ], the products of this metabolism. This information will aid interpretation of Fe-isotopic fractionation by these organisms, which is relevant to identifying traces of Fe(II) oxidation in the rock record (36, 79).
DISSIMILATORY FE(III) REDUCTION Environmental and Geological Significance
Although many bacteria reduce Fe(III) for the purpose of assimilation, here we consider only those that engage in dissimilatory Fe(III) reduction: the process of using Fe(III) as a terminal electron acceptor in anaerobic respiration. The environmental context and physiology of dissimilatory Fe(III) reduction have been discussed in detail elsewhere (see 96, 122, 123, 170) . Fe(III)-reducing bacteria inhabit both freshwater and marine environments and significantly affect the biogeochemical cycling of carbon, hydrogen, and a variety of trace metal(loid)s. Moreover, Fe(III)-reducing bacteria are useful for bioremediation (e.g., oxidizing toxic organic compounds to CO 2 and/or reductively immobilizing radionuclides in groundwaters) as well as generating power from marine sediments (2, 18, 72, 95). In addition to their importance today, it seems likely that Fe-reducers, like Fe-oxidizers, influenced the geochemical cycling of Fe on the ancient Earth [e.g., helping to define the mineralogy of Banded Iron Formations (79) ].
The dissimilatory Fe(III)-reducing organisms most studied are mesophiles that grow at circumneutral pH and belong to the Shewanella and Geobacter genera, although hyperthermophiles and even extreme hyperthermophiles are also capable of Fe(III) reduction (80, 183) . Geobacter species couple the oxidation of acetate to CO 2 with the reduction of Fe(III) to Fe(II) (97) , whereas Shewanella species cannot utilize acetate as a sole source of carbon and energy, and are more often grown on lactate (Table 1) . Geobacter species are more versatile with respect to carbon source utilization, whereas Shewanella species are more versatile with respect to terminal electron acceptors. Both Geobacter and Shewanella species have been identified in diverse locales around the world (28, 184), with Geobacter species often dominating in sedimentary environments (145, 166) . Recently, sequences derived from the Sargasso Sea indicated that Shewanella species are present in high abundance in this region (185) . 89, 94) , so less is known about which of its genes are involved in Fe(III) respiration. The complete genome sequences are available for both G. sulfurreducens (107) and S. oneidensis (67), facilitating rapid identification of transposon mutants, construction of targeted gene knockouts, and the ability to use PCR to clone genes for complementation. The genome sequences also permit comparisons between the genes involved in Fe(III) reduction in Shewanella and Geobacter, and the use of microarray technology to study whole-genome expression (10, 11, 176). Currently, neither S. oneidensis nor G. sulfurreducens has a generalized transducing phage that can be used for suppressor analysis and strain construction. Both lambda and Mu-like phages have been identified in the genome sequence of S. oneidensis (67), which could facilitate the further development of genetics in this organism.
Genetics in Shewanella and
Mechanisms of Mineral Reduction
OVERVIEW At near-neutral pH, Fe(III) exists in the form of very poorly soluble minerals [e.g., Fe(OH) 3 ], thus Fe(III)-reducing bacteria face the challenge of delivering electrons to an external and solid electron acceptor. Different Fe(III)-reducing bacteria appear to take one of three strategies to accomplish this task: (a) They can attach to and transfer electrons to the mineral presumably via proteins present in the outer membrane (122); (b) they can use/release Fe(III) chelators to bring Fe into the cell where it can then be reduced (124); or (c) they can use/release extracellular electron shuttles to transfer electrons back and forth between the cell and the mineral (71). The last two strategies enable bacteria to reduce Fe(III) at a distance, whereas the first requires direct contact between the cell and the mineral; it has been suggested that the latter are most relevant for biofilm communities (M.E. Hernandez, D.P. Lies, L.A. Kappler, R.E. Mielke & D.K. Newman, manuscript in preparation; 71, 124). Currently, very little is understood about Fe reduction at a distance: We do not yet know the structure of the molecule(s) involved, how and where in the cell they are reduced, which genes control their biosynthesis, nor how these genes are regulated. Accordingly, we focus this review on what is known about the "direct-contact" pathway. Because historically more genetic work has been done with Shewanella than with Geobacter, we focus our discussion on what we know about the electron transfer pathway in Shewanella, making a brief comparison to Geobacter at the end of this section. We first present what is known about the regulation of the electron transfer components, proceed to elaborate on their specific roles, and briefly discuss what is known about their maturation.
SPECIFIC GENES
Regulation Two mutant strains isolated as being deficient in anaerobic respiration had mutations in the crp gene, encoding the cyclic AMP receptor protein (CRP) (148). These mutants could still use trimethylamine N-oxide as an electron acceptor, but had significant defects on all other anaerobic electron acceptors tested, including Fe(III)-citrate and manganese oxide minerals (e.g., MnO 2 ). The addition of cyclic AMP to aerobic cultures of S. oneidensis resulted in a modest increase in soluble Fe(III) reductase activity, tripling the activity of aerobic cultures alone, but only to about half of the activity of anaerobic cultures (148). Regulation of genes known to be involved in mineral reduction was not addressed. In addition to CRP, other unidentified components may play a role in regulating the metal-reduction pathway(s) in S. oneidensis. Anoxic conditions appear to trigger the induction of genes required for Fe(III) reduction (111) , and CRP may help modulate expression (148), but the traditional system used by E. coli and Salmonella enterica to regulate anaerobic respiration [FNR, reviewed in (82)] does not appear to be required by Shewanella for mineral respiration (101).
Menaquinone requirement As for most respiratory chains, the pathway of electron transfer begins with standard dehydrogenases and quinones, and branches to more specific electron carriers that convey electrons to Fe(III) ( Figure 3B ). The pool of quinones consists of two main types, ubiquinones and menaquinones (MQ). Defects in MQ biosynthesis nearly eliminate the ability of S. oneidensis to respire Fe(III) and Mn(IV) minerals (112, 127, 147 ). Myers & Myers showed that defects in reduction of dissolved Fe(III) associated with the MQ-deficient strain CMA-1 were reversed by supplementation with MQ or an intermediate in the MQ biosynthetic pathway, 1,4-dihydroxy-2-napthoate (112) . Mutations in menC (encoding O-succinylbenzoate-CoA synthase) were isolated in a screen for mutants unable to reduce anthraquinone-2,6-disulfonate (AQDS), a redox-active analog for quinone moieties in humic substances (127) . As expected, this phenotype was reversed when mutants were supplemented with MQ or 1,4-dihydroxy-2-napthoate. Additionally, a defect in Fe(OH) 3 reduction in a menC mutant strain was described, although the data were not shown (127) . Mutations in menB and menD have also been characterized with respect to their metal reduction defects (147). Membrane fractions derived from these mutant strains are deficient in Fe(III)-citrate reduction, which could be reversed by the addition of MQ (147).
CymA The likely role of CymA in metal reduction (and in anaerobic respiration in general) is to pass electrons from the MQ pool to periplasmic electron carriers (160) . The cymA gene encodes an inner-membrane tetraheme cytochrome and is postulated to have quinol dehydrogenase activity (55, 113, 159, 160) . Initial reports of a defect associated with lesions in cymA (113) were complicated by the realization that MQ pools had been severely decreased, apparently resulting from a rifampicin resistance mutation present in the genetic background of the parent strain (118) . Mutations in cymA result in defects in anaerobic respiration of Fe(III)-citrate, MnO 2 , nitrate, fumarate (118), dimethyl sulfoxide (DMSO), and nitrite (160) .
CctA A small tetraheme c-type cytochrome was purified from the periplasm of S. frigidimarina NCIMB400, characterized biochemically, and a mutant defective in the gene encoding the protein (cctA) was generated (59). This mutant strain had decreased Fe(III)-citrate reductase activity and was unable to use dissolved Fe(III) as an electron acceptor for growth (59). A homolog of CctA has been identified, purified, and the structure solved from S. oneidensis (90, 178, 179) . However, a role for cctA (SO2727) in Fe(III) reduction in S. oneidensis has not yet been established through mutagenesis. It has been suggested that CctA passes electrons from CymA to the periplasmic decaheme cytochrome MtrA, based on the dissolved Fe(III) reduction phenotypes of strains lacking these proteins (9) ( Figure 3B ).
MtrA A targeted gene disruption was generated in the mtrA gene based on its proximity to mtrB ( Figure 4B) , and resulted in a defect in Fe(III)-citrate reduction (8). The gene product was predicted (8) and shown biochemically (138) to be a soluble decaheme c-type cytochrome. Expression of this protein alone in E. coli (with additional cytochrome maturation factors) enabled the strain to reduce dissolved forms of Fe(III) (138), indicating that MtrA can receive electrons from a variety of electron donors. Although MtrA reduces dissolved Fe(III) biochemically, it may also have a role in passing electrons to outer-membrane proteins that reduce Fe(OH) 3 (138).
MtrB The first gene isolated as being involved in metal reduction was mtrB (8). Mutations in this gene significantly decrease the capacity of S. oneidensis to reduce Fe(III)-citrate, Fe(OH) 3, and MnO 2 (8, 44, 115). Shyu et al. (163) demonstrated
that mtrB mutants are also defective in reducing AQDS. Although several interesting defects have been attributed to mtrB mutants, the function of MtrB is unknown. Motif analysis of the protein sequence suggests that it is localized to the outer membrane and that it contains a transmembrane domain near the C terminus (8, 115, 116) . A CxxC motif has been postulated as a putative metal-binding domain (8), although this hypothesis has yet to be tested. Protein alignments of MtrB sequences from S. oneidensis, S. frigidimarina, and environmental sequences from the Sargasso Sea (185) indicate that the CxxC motif is 100% conserved, suggesting that these residues may be important for the function of the protein. Outer-membrane c-type cytochromes appear to be mislocalized in the mtrB mutant background, including OmcA and OmcB. This implies that MtrB may have a role in scaffolding or maintenance of a terminal reductase complex (115) (Figure 3B ).
OmcB (MtrC)
In the first reports detailing the disruption of this gene, one group referred to the locus as mtrC [for metal reduction, (9)] and another group referred to it as omcB [for outer-membrane cytochrome, (119)]. Beliaev et al. named the gene based on its proximity to, and its potential inclusion in, an operon with mtrA and mtrB (9) ( Figure 4B ). Myers & Myers argued that the predicted cellular location and heme content of the protein encoded by this locus merited the name omcB (119) . For purposes of continuity, this locus should subsequently be referred to as omcB, as to this is the annotated name in the genome of S. oneidensis (http://www.tigr.org). OmcB was predicted (9, 119) and shown to be present on the outer membrane of S. oneidensis (116) . Computational analysis of the primary amino acid sequence suggests that OmcB is a decaheme c-type cytochrome, and therefore has the potential to be directly involved in electron transfer reactions to Fe(OH) 3 . Mutations in omcB have been isolated by both random mutagenesis (9) and by directed gene knockout (119) . These mutants are defective in both Fe(OH) 3 (9, 120) and MnO 2 (9, 119) reduction. Additionally, omcB mutants have a slower rate in reducing Fe(III)-citrate, compared with wild type (9, 120). It was also shown that omcB null strains contain ∼15% of the OM cytochrome content compared with MR-1 (119). One possible explanation for this phenotype is that OmcB forms an anchoring unit for additional OM cytochromes, possibly a mineral reductase complex, as has been suggested for MtrB (115) .
OmcA An 83-kDa outer-membrane c-type cytochrome was purified and N-terminal sequence was used to identify omcA (114, 117) . Sequence analysis suggests that the protein encoded by omcA contains 10 heme-binding domains. Although OmcA and OmcB are both decaheme cytochromes, the proteins themselves do not appear to be related (based on BLAST). Analysis of the omcA transcript through Northern blotting suggests that this gene is monocistronic and that insertional inactivation will not have polar effects on downstream genes (117) ( Figure 4B ). A mutation in omcA was isolated by directed mutagenesis and found to cause a defect in MnO 2 reduction (119) . Metal reduction phenotypes associated with omcB mutants appear to be stronger than omcA mutants, suggesting that both outer-membrane cytochromes contribute to mineral reduction (119) .
Type II secretion A lesion preventing Fe(III) and Mn(IV) reduction was mapped by complementation to a gene involved in type II secretion in S. putrefaciens strain 200 (41). DiChristina et al. named this locus ferE (for Fe reduction); its homologue in S. oneidensis is annotated as gspE (for general secretory pathway). The fer/gsp genes encode components of the type II protein secretory pathway that is used to move mature proteins from the periplasm to the outside of the cell (reviewed in 154). A c-type cytochrome with Fe(III)-citrate reductase activity is mislocalized from the outer membrane to the cytoplasmic membrane in ferE (gspE) mutants (41).
Comparisons to Geobacter Although little is currently known about the genes required for dissimilatory iron reduction in Geobacter species, a recently developed single-step gene disruption technique is now being used for targeted mutagenesis (33). Two genes, ppcA and omcB, have been shown to be required for Fe(III) reduction. ppcA encodes a periplasmic 9.6-kDa c-type cytochrome (94) and omcB encodes a putative outer-membrane multiheme c-type cytochrome (89) . OmcB from S. oneidensis does not appear to be related to OmcB from G. sulfurreducens (89) . This suggests that these organisms use different enzymes, and perhaps altogether different mechanisms, to pass electrons to Fe(OH) 3 and MnO 2 (89, 124) . The recent discovery that G. sulfurreducens is not a strict anaerobe (91) may facilitate large-scale random mutagenic analysis of this organism in the future. 
ARSENIC TRANSFORMATIONS Environmental and Geological Significance
Arsenic (As) is best known as a poison, but has also been used in metallurgy, wood preservation, painting, medicine, pest control, and as an additive to chicken feed, where it increases growth (130, 165) . Although anthropogenic sources contribute to some incidents of As contamination (169) , volcanic action, low-temperature volatilization, and natural weathering (5, 189) of As-containing minerals are the greatest sources of As in the environment. As can exist in the form of arsine gas, arsenosugars, or other organoarsenicals, such as arsenobetaine, but the major species present in natural waters are arsenate [HAsO 2− 4 ; As(V)] and arsenite [H 3 AsO 3 ; As(III)] (56). These two oxyanions readily interconvert, and their different chemical properties determine whether they are sequestered in solid form or mobilized into the aqueous phase (127) .
Though As is only the twentieth most abundant element in the Earth's crust, being present at about 1.8 ppm (83) , its toxicity is problematic in many parts of the world. The World Health Organization recommends As guideline values of 10 µg/L (193) , but As concentrations in water supplies in Argentina, Chile, Canada, Bangladesh, Cambodia, Vietnam, West Bengal, and the United States often exceed this limit. In Bangladesh alone, where As concentrations reach as high as 1000 µg/L (129), as many as 50-60 million people are exposed to As-contaminated drinking water, and thousands of cases of arsenicosis are diagnosed each year. Microbial metabolisms that convert As between As(V) and As(III) contribute in large part to As speciation in the environment (37, 125, 133). Because both As(V) and As(III) adsorb onto Fe(OH) 3 , the fate of As is often linked to that of Fe ( Figure  1 ). In sedimentary environments that are not dominated by Fe, however, As(III) is generally more mobile than As(V); thus, understanding what stimulates As(III) oxidation and/or limits As(V) reduction is relevant for bioremediation of contaminated sites (64).
Microorganisms that transform As between As(V) and As(III) are diverse in their phylogeny and overall physiology (Table 1) . By far the most genetic work on As(V) reduction comes from studies of the As detoxification systems in Staphylococcus aureus and E. coli (19, 39, 66, 109, 164, 196, 198) . These systems do not generate energy. Microorganisms that utilize As for energy fall into two classes: the chemolithoautotrophic As(III) oxidizers and the heterotrophic As(V) reducers. Chemolithoautotrophs gain energy from coupling the oxidation of As(III) to the reduction of oxygen (74, 155) or nitrate (132, 161) . They include members of the Alcaligenes, Pseudomonas, and Thermus genera. Not all As(III)-oxidizing bacteria conserve energy from As(III) oxidation, however; several As(III)-oxidizing heterotrophs do not appear to utilize As(III) as an electron donor for respiration, suggesting that As(III) oxidation may be incidental or a form of detoxification in these strains (1, 51, 149) . A diverse group of heterotrophic bacteria can utilize As(V) as a terminal electron acceptor for respiration. These organisms comprise members of the gamma-, delta-, epsilon-Proteobacteria, gram-positive bacteria, thermophilic Eubacteria, and Crenarchaeota (133). Most As(V)-respiring strains couple the oxidation of lactate to acetate to support As(V) reduction to As(III) ( Table 1) , although some isolates can mineralize acetate to CO 2 (100) and/or use H 2 as an electron donor (73) . Although most known As(V) respirers are obligate anaerobes, a few are facultative aerobes, and one, Shewanella species strain ANA-3, has been particularly useful in genetic studies. For more details about As transforming organisms, we refer the reader to a number of extensive reviews (50, 125, 133, 165).
Mechanisms of As(V) Reduction and As(III) Oxidation
DETOXIFICATION: THE ARS GENES As(V) enters Gram-negative cells through nonselective porins in the outer membrane. Because arsenate is an analog of phosphate, it is thought to enter into the cytoplasm mainly through the Pit phosphate transport system, a low-affinity/high-velocity system (164) . E. coli that rely on the Pit system cannot grow in the presence of 10-mM arsenate, whereas pit mutants that rely on the Pst phosphate transport system-which has a higher affinity for phosphate than the Pit system-can grow (190) . Once As(V) enters the cells, it uncouples oxidative phosphorylation and inhibits ATP synthesis. In contrast, As(III) appears to enter the cell through aquaglyceroporins (146), one of which, GlpF, was identified in a screen for genes responsible for antimonite [Sb(III)] sensitivity (153). As(III) is much more toxic than As(V) owing to its strong affinity for sulfhydryl groups in proteins (133) . Paradoxically, although As(III) is more toxic than As(V), As(V) reduction to As(III) may provide cells with an advantage in exporting As (165) .
The best-studied As detoxification system involves the ars operon from E. coli plasmid R773 (66). This operon encodes five genes, arsRDABC, that are cotranscribed from one promoter region. arsR and arsD encode two regulatory elements. arsR encodes a helix-turn-helix repressor that binds the operator region of the ars operon as a dimer until As(III) or Sb(III) binds to it and induces its release (195, 198) . arsD is believed to be a trans-acting inducer-independent secondary regulator (196) . It is expressed in the presence of As(III), and has no effect on the expression of the operon when ArsR is repressing the system (196) . arsA encodes a membrane-associated ATPase subunit that interacts with the arsB gene product (81, 177) . ArsB is the efflux pump responsible for the extrusion of As(III) and Sb(III). In association with ArsA, it uses the energy from ATP hydrolysis for this function; however, when ArsA is not present, ArsB is still functional (39). arsC encodes a small cytoplasmic arsenate reductase.
Not every ars operon contains these five genes, however. Most of the operons identified in bacteria contain only three genes, arsRBC. In addition, although almost all of the operons contain the small As(V) reductase encoded by arsC, two distinct families of these reductases exist. The E. coli ArsC receives reducing equivalents from glutathione and glutaredoxin (162) receives them from thioredoxin (77) . Additional genes, such as arsH from Yersinia (128) and ORF2 from Bacillus subtilis (157) , have been identified in ars operons, and sometimes arsB and arsH are transcribed in the opposite direction, suggesting complex regulation (22). A wide variety of bacteria contain ars operons on their chromosomes (22, 157, 168).
OXIDATION: THE AOX AND ARO GENES Considerably less is known about As(III) oxidation. Transposon mutagenesis in strain ULPAs1 (187), a chemoorganotrophic member of the beta Proteobacteria, identified two genes (aoxA and aoxB) required for As(III) oxidation (110) . Biochemical studies and sequence analyses indicate that these genes encode a heterodimer that is a member of the DMSO reductase family (1, 32, 104, 156) . Additionally, protein purification and N-terminal sequencing allowed the identification of another pair of As(III) oxidoreductase genes (aroA and aroB) from strain NT-26, a chemolithoautotrophic As(III)-oxidizing bacterium; deletion of aroA resulted in the loss of As(III) oxidation (156) . aroA is 48% identical at the amino acid level to aoxB, and aroB is 52% identical to aoxA. Translated sequences of these genes share high identity with proteins from A. faecalis, another As(III) oxidizer whose genes have been sequenced (L.T. Phung, unpublished), and putative proteins from the archaea Aeropyrum pernix and Sulfolobus tokodaii and the phototroph Chloroflexus aurantiacus (156) .
RESPIRATORY REDUCTION: THE ARR GENES Recently, our laboratory established a genetic system in Shewanella species strain ANA-3 (152) that led to the discovery that this organism has two independent systems for reducing As(V) ( Figure 4C ). The first system belongs to the ars detoxification family and is not required for anaerobic respiration (although it provides an advantage at high arsenic concentrations) (150). The second system comprises two genes, arrA and arrB, required for respiratory arsenate reduction. The operon encoding these genes is proximal to the ars operon on the chromosome, but divergently transcribed (152). These genes appear to be under the control of a promotor that senses anaerobiosis, and preliminary data suggest that an additional As-specific activator helps to up-regulate arr gene expression (C.W. Saltikov & D.K. Newman, unpublished). Additionally, the sequence region at the start of the arrA gene contains a putative twin arginine signal sequence (TAT) known to be involved in Sec-independent transport of folded proteins with metal cofactors, suggesting that the arr genes are translocated to the periplasm. In support of this prediction, a translational gfp fusion to the arrA gene expresses GFP in the periplasm (D. Malasarn, C.W. Saltikov & D.K. Newman, unpublished) . The arrA gene is predicted to encode a protein that shares characteristics with molybdopterin oxidoreductases: It has a cysteine-rich motif that typically binds iron sulfur clusters and a canonical molybdopterin binding domain. arrB is downstream of arrA and its translated product is predicted to be similar to proteins that contain iron sulfur clusters. c-type cytochromes have recently been shown to be involved in the electron transport pathway to As(V) in strain ANA-3 by transposon mutagenesis (C.W. Saltikov, Y. Jiao & D.K. Newman, unpublished). Our current model of the respiratory complex is that it interacts with a CymA homologue in ANA-3 or an as-yet unidentified membrane anchor protein that receives electrons from a membrane-bound c-type cytochrome ( Figure 3C) . Surprisingly, the arr genes appear to be highly conserved among phylogenetically diverse As(V)-respiring bacteria. For example, genomic database searches reveal ORFs in the gram-positive bacterium Desulfitobacterium hafniense whose translated products exhibit 51% identity, 68% similarity to ArrA (ANA-3) and 53% identity, 61% similarity to ArrB (ANA-3). When the predicted arrA and arrB genes from D. hafniense are introduced into an ANA-3 arrA mutant, partial complementation is observed. The D. hafniense arrAB genes appear to be part of a larger operon, comprising several additional regulatory units and a putative anchor protein. Homologues have also been identified in Bacillus selenitireducens and Chrysiogenes arsenatis (152). Whether these genes were spread horizontally has yet to be determined.
From Genes to the Environment
Previous studies have indicated that biological As(V) reduction is an important component of the As geochemical cycle in a variety of environments (43, 62, 131, 204) . Because the arr genes appear to be ubiquitous and highly conserved, they afford a means to use genetic information to determine whether respiratory As(V) reduction [as opposed to As(V) reduction catalyzed by detoxification enzymes] plays a role in shaping the geochemistry of a particular environment. To this end, we have recently developed a set of degenerate primers based on the arrA gene to detect the presence and/or expression of this gene in environmental samples. These primers were used to amplify an internal region of the arrA gene from a diverse group of isolated As(V) reducers, as well as uncultured As(V)-respiring organisms from Haiwee Reservoir, an arsenic-contaminated water body in eastern California. In addition, arrA-specific mRNA transcripts appear to be expressed in Haiwee Reservoir sediments in zones where As(V) reduction is thought to occur. These results represent the first time the expression of specific functional genes has been shown to correlate with redox transformations of As in the environment 
FINAL COMMENTS
In this review, we have provided three examples of how genetics affords geomicrobiologists a means to understand how geochemically significant microbial metabolisms work. Even in the three cases we have discussed, where genetic systems have been established, our understanding of the genes that control these processes and their regulation is still primitive. With increasing involvement of geneticists in geomicrobiology, we expect rapid advances in the genetic tractability of environmentally relevant model systems, leading to an improvement in our understanding of how these organisms operate. Geneticists are particularly needed now as more and more genomes are sequenced and an increasing number of genes of unknown function appear in the database (181, 185) . Although functional genomic approaches have led to exciting discoveries about microbial metabolic activities in the environment (7, 144), isolation and genetic study of strains from the environment are still imperative if we seek to understand their physiology in detail. Increasingly, creative approaches are being used to isolate environmentally significant organisms (31, 60, 203) , challenging the conventional wisdom that only 1% of organisms in the environment can be cultured. This, and the fact that sequencing microbial genomes is now routine, provides geneticists with an unprecedented opportunity to uncover and study novel pathways that catalyze a wide variety of geochemically significant reactions. 3 , which is re-reduced by the activity of Fe(III)-respiring microorganisms (B). As(V) as well as As(III) strongly adsorb onto Fe(OH) 3 . Because of this, Fe(III)-reducing bacteria can affect As biogeochemistry by catalyzing the release of As(V) from Fe(OH) 3 , making it more available for reduction by As(V)-reducing bacteria (C). As(V)-reducers, in turn, can promote the release of As(III) into the water column if Fe(OH) 3 is not abundant. Finally, the As biogeochemical cycle is completed by As(III)-oxidizing bacteria (D) that convert As(III) to As(V) coupled to the reduction of oxygen or nitrate.
C-2 CROAL ET AL. 3 . The center bottle contains a culture of Shewanella oneidensis strain MR-1 grown on lactate with Fe(OH) 3 as the electron acceptor. With time, Fe(II) accumulates in the culture and adsorbs onto the parent mineral, creating a mixed-valent Fe mineral that is dark in color (e.g., magnetite). The bottle on the right contains a culture of Shewanella species strain ANA-3 grown on lactate with As(V) as the electron acceptor. When sulfide is added to the medium and the pH is less than 7, yellow arsenic trisulfide (As 2 S 3 ) precipitates from solution.
Figure 3 Cartoon drawings of model pathways showing the major components involved in electron transfer for: (A) Fe(II) oxidation by Acidithiobacillus ferrooxidans strain ATCC 33020; (B) Fe(III) reduction by Shewanella oneidensis strain MR-1; and (C) As(V) reduction by Shewanella species strain ANA-3. The arrows between the components point in the direction of electron flow (e.g., from the reductant to the oxidant). Question marks indicate unidentified components and/or proteins for which the role is unclear. The text elaborates on the degree to which these models are (or are not) supported by genetic analyses.
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